The presence of phytochemicals in fruits and vegetables is considered to be of nutritional importance in the prevention of chronic diseases, such as cancer and cardiovascular disease. Through overlapping or complementary effects, the complex mixture of phytochemicals in fruits and vegetables provides a better protective effect on health than single phytochemicals. Previous studies have shown that synergistic interactions between antioxidants in food result in a higher antioxidant capacity than individually isolated antioxidants. Further work is needed to explore other potential synergistic interactions between antioxidant mixtures within foods (endo-interactions) and between foods (exo-interactions) commonly eaten together. A series of studies examined potential synergy between various components of blueberries, grapes, chocolate covered strawberries, and fruit smoothies using multiple antioxidant assays (ORAC, TEAC and DPPH). At the ratio found in blueberries, significant synergy, antagonism, and patterns were found for many phenolic compound combinations, though they were dependent on the assay. Significant synergy was found in the combinations of skin and juice as well as skin, juice, and seed across three grape varieties. Significant synergy was found in the combination of strawberry and 88% cocoa chocolate in fully dipped strawberries. Fruit smoothies made with blueberries (as opposed to strawberries and raspberries) and soymilk (as opposed to water) exhibited significantly higher antioxidant capacity. The 3 assays measured correlated weakly with each other. This work furthers our understanding of the potential value of complex mixtures and foods in the human diet and is the first to report on the combinations and fractions described.
Introduction
Plants phenolic compounds serve as cell signaling molecules, toxins to invading pests, and antioxidants (Crozier et al., 2006) . The phenolic compounds in fruits and vegetables are considered of vital nutritional importance in preventing chronic diseases, such as cancer and cardiovascular disease (Chu et al., 2002a; Chu et al., 2002b; Steinmetz et al., 1996; Van't Veer et al., 2000) . The intricate mixture of phytochemicals in fruits and vegetables provides a better protective health effect than single phytochemicals (Eberhardt et al., 2000; Lila & Raskin, 2005) .
published. Liao and Yin (2000) demonstrated that combinations of alpha-tocopherol and/or ascorbic acid with catechin, epicatechin, caffeic acid, myricetin, quercetin, gallic acid, and rutin had greater antioxidant activity than any of the individual compounds in an Fe 2+ -induced lipid oxidation system. The combination of quercetin 3-β-D-glucoside and an apple extract exhibited synergistic anti-proliferative activity in human breast cancer cells (Yang & Liu, 2009 ). The combination of acerola cherry extracts and alfalfa and soy phytoestrogen extracts worked to inhibit LDL oxidation synergistically in vitro (Hwang et al., 2001) . Parker et al. (2010) found synergistic interactions between mixtures of rutin, p-coumaric acid, abscisic acid, ascorbic acid, and a sugar mixture using oxygen radical absorbance capacity (ORAC) and electron paramagnetic resonance (EPR). Hidalgo et al. (2010) discussed synergy between mixtures of two phenolic compounds, finding synergy in many of the combinations. Antioxidant synergism occurs in a variety of compounds and extracts.
Endo-interactions within a specific food have not been as widely studied. Seeram et al. (2004) discovered synergy among cranberry phytochemicals against malignant cell lines. Su et al. (1987) found a synergist in Osbeckia chinensis. Kayano et al. (2002) found a different synergist in prunes (Prunus domestica). Our laboratory published two in vitro studies (Freeman et al., 2010; Reber et al., 2011 ) and a small human trial (Snyder et al., 2011 ) that suggest endo-interactions within a fruit are primary contributors to their health benefits. The ratio of antioxidants in fruit plays a significant role in synergy.
The objective of this paper was to explore various endo-and exo-interactions at the chemical, fruit fraction and whole food level in a series of studies. It was hypothesized that synergism could be demonstrated in all three areas. This could help explain the antioxidant capacity difference between whole fruit and individual components, increase our understanding of how fruit fractions interact, and clarify the potential benefits of consuming certain foods together.
Materials and Methods

Chemicals
Trolox, potassium persulfate, quercetin hydrate, perchloric acid, and Folin-Ciocalteu reagent were purchased through Fisher Scientific Inc. (Waltham, MA, U.S.A.). (+)-Catechin hydrate, chlorogenic acid, myricetin, malvidin chloride, fluorescein, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), 2,2 diphenyl-1-picrylhydrazyl (DPPH), acetone, p-coumaric acid, (-)-epicatechin, gallic acid, dithiothreitol (DTT), meta-phosphoric acid (MPA), cupric sulfate pentahydrate and pelargonidin chloride were purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.). 2,2′-Azobis(2-methylpropionamidine) dihydrochloride (AAPH) was purchased from Wako Chemicals U.S.A. Inc. (Richmond, VA, U.S.A.). Dimethylformamide (DMF, silylation grade) and N,O-bis(trimethylsilyl) trifluoroacetamide with 1% trimethylchlorosilane (BSTFA w/ 1% TMCS) were purchased from Pierce (Rockford, IL, U.S.A).
Blueberry Study
Chemical Preparation
The five most concentrated phenolic compounds were chosen and studied at the following ratios : catechin, 7; chlorogenic acid, 5; malvidin, 13; quercetin, 3; and myricetin, 1 (USDA Flavonoid Database, 2007; Zheng & Wang, 2003; Wang et al., 2009) . For the TEAC and DPPH assays, all compounds were weighed out, dissolved and diluted in ethanol, and stored at -80 °C. For ORAC, the compounds were dissolved in methanol, then diluted (7:3 acetone:water), and stored (-80 °C). Phenolics were brought to room temperature (RT), vortexed, and then mixed with minimal indirect light.
Mixtures and Extraction Preparation
All possible combinations of 2, 3, and 4 compounds were mixed at the above ratios on the day of their assay. Mixtures were then further diluted to fit a standard curve (ORAC), or give a linear relationship on the concentration-inhibition plot (TEAC and DPPH).
Oxygen Radical Absorbance Capacity (ORAC)
The ORAC assay was performed according to Davalos et al. (2004) with some modifications. Briefly, fluorescein, Trolox, and AAPH were diluted to 117.2 nM (phosphate buffer), 80 µM (7:3 acetone:water), and 40mM (phosphate buffer) respectively, final concentration. Fluorescein and AAPH were transferred to all wells of 96-well plates via a Precision Micropipettor (BioTek Instruments, Inc., Winooski, VT, U.S.A.). The standard curve used four concentrations of Trolox (10 µM, 20 µM, 40 µM, 80 µM) and the outer ring of wells were filled, but not used, to maintain temperature uniformity. Fluorescence of all wells was measured at 485/20 nm excitation and 528/20 nm emission every minute for 120 minutes in a BioTek Synergy 2 fluorescence plate reader (BioTek Instruments, Inc., Winooski, VT, U.S.A.) set at 37 °C after pre-warming. ORAC values were expressed as Trolox Equivalents (TE) per mmol.
Trolox Equivalent Antioxidant Capacity (TEAC)
The TEAC assay was performed according to Re et al. (1999) with slight modifications. Trolox was diluted to 400 μM in ethanol. ABTS was dissolved in double distilled (dd) water to a 7 mM concentration. ABTS radical cation (ABTS •+ ) was prepared. Diluted ABTS •+ solution (180 µl) was added to 20 µl of antioxidant or Trolox standards (final concentration 5-40 µM) in a 96-well plate via the Precision Micropipettor. The absorbance reading (734 nm) was taken at room temperature exactly 30 min after initial mixing using the Biotek Synergy 2 plate reader. To calculate the TEAC, the slope of percentage inhibition of absorbance vs. concentration is divided by the slope of the plot for Trolox. This gives the TEAC (mM) at 30 min.
2,2-diphenyl-1-picrylhydrazyl (DPPH)
Trolox was diluted to 1.5 mM in ethanol. DPPH was dissolved in ethanol to 0.1 mM. Diluted DPPH solution (200 µl) was added to 50 µl of antioxidant or Trolox standards (final concentration 7.2, 15, 30 µM) in a 96-well plate via the Precision Micropipettor. The absorbance reading (517 nm) was taken at room temperature exactly 40 min after initial mixing using the Biotek Synergy 2 plate reader. To calculate the DPPH value, the slope of percentage inhibition of absorbance vs. concentration is divided by the slope of the plot for Trolox. This gives the DPPH value expressed as Trolox Equivalents (TE) per mmol.
Grape Study
Component Separation
Black Ribier, Red Globe, and Sugraone varieties of grape were purchased locally (Chilean origin). For the whole grape extract, 10 grapes were weighed and blended. Another 10 grapes were weighed to prepare the skin, seed, pulp, and juice components. Each grape was skinned using a spatula, weighed and blended. The seeds, including the stem connector, were collected and weighed, crushed, and mixed with dd water. The remaining pulp and juice were milled three times. The juice was collected and the pulp was scraped back into the mill, and then collected after the final milling. The juice was weighed. The pulp was weighed and then blended with dd water. All samples were stored at -80 °C.
Extract Preparation
Samples were thawed at 26 °C, then vortexed. A sample was weighed. A mixture of acetone:water:acidic acid (AWA, 70:29.5:0.5, 200 µl) was added, then vortexed for 30 seconds, sonicated (Fischer Scientific FS60D, Pittsburg, PA, U.S.A.) at 37 °C (5 min, 60 degas/minute), and centrifuged (11,000 x g, 1 min). The supernatant was transferred. This was repeated twice more (20,000 x g, 2 min, after third extraction). Combined supernatants were vortexed, centrifuged (10,000 x g, 30 sec) and diluted as necessary.
Combination Preparation
All possible combinations of grape components were then prepared. Components were combined based on the percentage mass of that component found in a grape. All combinations were then stored at -80 °C.
ORAC Assay
The ORAC assay was performed according to the blueberry study, except that AWA was used.
TEAC Assay
The TEAC assay was performed according to the blueberry study except Trolox was diluted in AWA.
Chocolate Covered Strawberries Study
Preparation
Strawberries (California origin) and 54% cocoa and 88% cocoa chocolate bars were purchased locally. Strawberries were separated into four groups of ten and weighed. Each group of ten strawberries was either fully-dipped or half-dipped in 54% or 88% cocoa chocolate melted at 55-60 °C. Following dipping, each strawberry was dripped (3 sec), frozen (-80 °C, 5 min), and weighed. Average ratios of g chocolate added to g strawberry were determined. Strawberries were pureed and chocolate was aliquoted separately for extraction.
Lipophilic Extraction
Samples were thawed (RT) and extracted with hexane three times via shaking, vortexed (30 sec, 3000 rpm), sonicated (5 min, 37 °C, interrupted once to shake) and centrifuged (60 sec, 10,000 x g) (Davalos et al., 2004; Prior et al., 2003; Wu et al., 2004) . On the fourth and final extraction, samples were sonicated (10 min, with shaking) and centrifuged (2 min, 20,000 x g). Any remaining liquid in the pellets was evaporated under gentle N 2 gas.
Hydrophilic Extraction
Hydrophilic extractions were performed as above, except AWA was used in place of hexane. Chocolate samples required eight AWA extractions; strawberry sample required three. It was assumed that all phenolic compounds were extracted when the supernatant was colorless.
Lipophilic ORAC LP Assay
All steps of the ORAC LP were identical to those described above except hexane was evaporated and Trolox and all lipophilic extracts were re-dissolved in 100% acetone.
Hydrophilic ORAC HP Assay
The ORAC HP assay was performed as in the blueberry study, except AWA was used in place of AW. Strawberry and chocolate AWA extracts were combined to represent the 88% cocoa fully dipped average weight ratio of g chocolate to g strawberry. All combined extractions were diluted with AWA.
Fruit Smoothies Study
Smoothie Preparation
Fruit and frozen yogurt (Breyers brand, Original) were purchased pre-frozen locally, and then stored (-20 °C) (except soymilk (Silk brand, original flavor) was refrigerated). The following smoothies were prepared: S1-Fruit Combination + Milk (360 ml Soymilk, 120 g frozen yogurt and 60 g ice (milk blend), 60 g each of blueberries, strawberries, and raspberries (fruit blend)), S2-Strawberries + Milk (milk blend and 180 g strawberries), S3-Blueberries + Milk (milk blend and 180 g blueberries), S4-Raspberries + Milk (milk blend and 180 g raspberries), S5-Fruit Combination + Water (360 ml dd water, 120 g frozen yogurt, 60 g ice and fruit blend), C1-Milk + Water (360 ml soymilk, 300 ml dd water, and 60 g ice), C2-Milk + Frozen Yogurt + Water (360 ml soymilk, 120 g frozen yogurt, 180ml dd water, and 60 g ice), C3-Water + Frozen Yogurt (120 g frozen yogurt, 540 ml dd water, and 60 g ice).
Ingredients were weighed, mixed (Waring blender, high, 2.5 min), then sampled every 15 minutes for 45 minutes and stored (-80 °C). Colorimetric analysis was performed before freezing.
Total Phenolics
The total phenolics (TP) assay was performed according to Swain and Hillis (1959) and Serafini et al. (1998) . Each smoothie was treated with an acid and base treatment (HCl, NaOH, and m-phosphoric acid) to liberate phenolic compounds, followed by vortex, sonication (37 °C, 5 min), centrifugation (11,000 x g, 1 min), extracted with AWA per the chocolate covered strawberries study, and the remaining steps of the Folin-Ciocalteu reaction were performed (final incubation, 25 min, 45 °C). Absorbance was determined in triplicate (Biotek Synergy 2) at 765 nm with a gallic acid standard.
Colorimetric Assay
Color was measured immediately after collection (Hunterlab Colorflex spectrophotometer, Hunter Associates Laboratory, Inc., Reston, VA, U.S.A). L*a*b* values were measured in triplicate according to instrument instructions.
Oxygen Radical Absorbance Capacity (ORAC)
Statistics
Blueberry Study
For combinations of two, a difference was calculated by subtracting the sum of the average ORAC, TEAC or DPPH values for the individual compounds from the resulting average value of the combination of both compounds (Equation 1):
Likewise, for combinations of 3 and 4, the difference was calculated by subtracting the average of the individual 3 or 4 compounds from the combination (Equations 2 and 3). 
Presenting the results in this manner allowed us to easily distinguish those combinations that were at minimum additive, using Fisher's least significant difference (LSD) analysis in the SAS statistical package (version 9.3, SAS Institute Inc., Cary, NC, U.S.A.). Additionally, for combinations of 3 and 4, a difference was calculated by subtracting the sum of the average ORAC values for the combination of 2 or 3, plus 1 individual, from the resulting average ORAC value of the combination of all 3 or 4 compounds (Equations 4 and 5).
SAS was used to determine significance of combinations using estimate statistics, which take into account error terms when data are combined. The above described differences were compared through an ANOVA of the individual and combination results, and forming the differences as post hoc tests to determine the effect of combining the individual compounds and combinations. Presenting the results in this manner allowed us to determine which compounds contributed most to a combination.
Grape Study
Statistical analysis is the same as the blueberry study, except that the analysis was calculated based on grape fraction values.
Chocolate Covered Strawberries Study
Statistical analysis is the same as the blueberry study, except a combination of 5 was analyzed using all possible combinations.
Fruit Smoothies Study
Two analyses were carried out. The first ignored time and looked at all combinations of smoothie comparisons in an ANOVA. This was necessary because the control (C1-C3) samples were not measured over time. The initial ANOVA was followed by post hoc tests of pairwise differences. The second analysis was a two way ANOVA with S1-S5 and time (0, 15, 30, and 45 minutes). This was followed by post hoc pairwise tests between S1-S5 and then time.
Results and Discussion
Blueberry Study
ORAC
Only statistically significant synergistic interactions are included in Figure 1 . All of the combinations that were synergistic included catechin or malvidin, suggesting they played an important role in determining the synergy of a combination. Combinations that had both catechin and malvidin were more than twice as often synergistic (31.4%) compared to those with only one of the two (12.4%), suggesting their synergy is an important interaction. There appeared to be a positive correlation with the number of compounds in a given mixture with its % synergy. The average synergy of combinations of 2 compounds was 15.1%, of 3 compounds was 19.5%, and of 4 compounds was 24.9%. As the number of compounds increased, the more likely it was that any given combination would have both catechin and malvidin in it.
When looking at all combinations that contained a particular compound, catechin had the highest % synergy. Combinations with catechin had an average % synergy of 25.9%, whereas the average synergy of combinations not containing catechin was 19.0%. Reber et al. (2011) studied the synergistic effect of 7 phenolic compounds, including catechin, commonly found in strawberries. Their results provide both supporting and refuting evidence. In Reber et al., when catechin was combined with p-coumaric acid there was significant synergy. We found a similar result in the catechin+chlorogenic acid combination. However, in a combination of three, catechin+p-coumaric acid+pelargonidin, an antagonistic effect was observed by Reber et al. A possible explanation is that the attempt by catechin to donate its electrons to p-coumaric acid (synergistic effect) is disrupted by the lack of a catechol group on the pelargonidin. This decreased catechin's effectiveness and resulted in antagonism. We found the opposite with the combination of catechin+chlorogenic acid+malvidin. Structural differences or the ratio of the compounds to each other may account for the differences. Hidalgo et al. (2009) studied the effect of donating electrons from eugenol derivatives; their results support our findings. They found that two eugenol derivatives displayed higher ORAC values due to their ability to stabilize the radical in the ortho (o) and para (p) positions of an aromatic ring. Three other derivatives had substituents that disrupted the stabilizing effect of the conjugated double bonds.
TEAC
For the TEAC assay, there were 2 combinations of 2 antioxidants that had statistically significant antagonistic interactions, and 3 combinations of 3 antioxidants that had statistically significant synergistic interactions (Figure 2 ). The myricetin+malvidin combination showed synergy when a 3 rd compound was added, suggesting myricetin plays a key role in determining the strength of the interaction. Four out of the 5 combinations with significant interactions contained myricetin.
For the synergistic combinations of 3 in Figure 2 , no individual compound or pair of compounds was responsible for the synergy. All corresponding possible 2+1 calculations for synergistic combinations were also synergistic
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(CLQ and CMY). Thus there was no indication that any compound was more important than another. In addition, none of the combinations of 4, per eq. 3, were significant. Combinations of 3 that were synergistic (CLQ, CMY, LMY) showed antagonism if quercetin was added as the fourth compound (data not shown). Overall, adding a 3 rd compound had a synergistic effect on the mixture, whereas adding a 4th compound had an antagonistic effect. When a 3 rd compound was added to MY, a higher level of synergy (23.9%) was found than with other mixtures to which a 3 rd compound was added (13.9%). Both significant 3 + 1 calculations yielded antagonistic effects, contained MY, and Q was added.
DPPH
The DPPH assay showed primarily antagonistic interactions (Figure 3) . All of the combinations that had statistically significant antagonism included chlorogenic acid in them. There was only one synergistic combination. Adding chlorogenic acid or malvidin to 2 or 3 other compounds had an antagonistic effect. Six out of seven of the antagonistic interactions found when adding a single compound to a combination came from the addition of either chlorogenic acid or malvidin. Wang et al. (2011) found 25% of their tested whole food combinations exhibited an antagonistic DPPH interaction. The synergistic effect of a mixture of two foods within the same category was generally lower than a mixture of two foods from across food categories. This is consistent with our DPPH results as two foods within the same food category are most similar to our data.
Correlation Between ORAC, TEAC, and DPPH Assays
Only two significant correlations occurred between the different assays. When measuring the synergy of antioxidant combinations, we found a significant negative correlation between the ORAC and TEAC assays (r = -0.296, p < 0.05). When measuring the individual compound antioxidant capacity, we found a significant negative correlation between ORAC and DPPH (r = -0.308, p < 0.05). Only three combinations showed synergy across multiple assays. Catechin+chlorogenic acid+quercetin, catechin+malvidin+myricetin, and chlorogenic acid+malvidin+myricetin were significantly synergistic in both the TEAC and ORAC assays. None of the compounds that had synergy overlapped with the DPPH assay. The DPPH and TEAC assays used electron-deficient radicals. However, the correlations between them was not high (r² = 0.47), which is similar to the result reported by Tabart et al. (2009) (r² = 0.36). Tabart et al. compared the antioxidant capacities (exo-interactions) of several compounds using ORAC, TEAC, and DPPH. After testing 25 compounds, they found little agreement across the varying assays in antioxidant values. Only a few compounds such as myricetin and gallocatechin gave similar results across assays. In the DPPH assay, no antioxidant capacity was observed in quercetin, kaempferol, cyanidin, rutin, gallic acid, cyanidin-3-O-glucoside, and cyanidin-3-O-rutinoside. However, all of these flavonoids exhibited greater activities than Trolox in the TEAC assay. The TEAC assay in general was higher for more compounds than DPPH (68% compared to 52%). This trend is similar to the findings in this paper (76% compared to 15%), though our correlations were based on synergy values rather than individual compound values.
In contrast, Awika et al. (2003) reported a high correlation between TEAC and DPPH with ORAC (R 2 = 0.99 and R 2 = 0.97, respectively) while measuring whole foods (i.e. bran bread, bran cookie, etc.). In our measurements of whole food synergy (see below), we did not see this same trend. Wang et al. (2011) studied the antioxidant capacities of mixtures of legumes, vegetables, and fruits, looking for synergistic exo-interactions. Their results showed that the DPPH assay is more likely to find additive or antagonistic interactions, whereas the ORAC assay is more likely to find additive or synergistic interactions. Our results confirmed this observation.
Grape Study
ORAC
Individual ORAC values were obtained for each of the five components (whole, juice, seed, skin, and pulp) across three different grape varieties (Vitis vinifera, cultivars Black Ribier, Red Globe, and Sugraone). When comparing the cultivars to each other (Table 1) , the Black Ribier cultivar had the highest (p < 0.05) ORAC value for the whole grape, juice, and skin. The Red Globe variety had the highest (p < 0.05) values for seed, and Sugraone had the highest (p < 0.05) value for pulp. A possible explanation for the Black Ribier showing greater values in whole, juice, and skin is the greater concentration of anthocyanin antioxidant compounds found in darker colored skins (Gao & Cahoon, 1994) . The whole grape also had a higher antioxidant capacity because the skin was included. Black Ribier may have had more soluble antioxidants diffuse into the juice or it produced more of them. Conversely, the seed and pulp components may be more influenced by cultivar. This is consistent with Lutz et al. (2011) who found that blue grape juice (Autumn Royal, Ribier) phenolic content and antioxidant capacity was higher than red grape juice (Red Globe, Crimson Seedless). They also found that other www.ccsenet.org/jfr Journal of Food Research Vol. 2, No. 6; health-promoting phenolics are abundant mainly in the skin fraction of blue grapes. The juice examined in the present study was extracted directly by milling the grape with no other processing, unlike Lutz et al. Synergy was found in 55% of all possible component combinations of 2, 3, and 4 (Table 2 ). More synergistic effects were observed among the combinations of 2 (67%) than were observed among the combinations of 3 (50%) or 4 (0%). This is the opposite of what was found in the blueberry study with individual compounds. The more complex mixtures of antioxidant compounds found in grape components, when blended, may saturate the results.
Combinations that included skin were more often synergistic. All three varieties showed synergism when both skin and juice were combined as well as skin, juice, and seed. The Red Globe skin+juice+seed was significantly more synergistic than the other two varieties. However, adding pulp to a combination nullified the synergistic effect (skin+pulp+juice, all three varieties) and caused an antagonistic effect in some cases (Sugraone skin+pulp+seed and Black Ribier skin+pulp+seed+juice). Again, this may be due to different compounds found in the respective fractions or ratio percentages, which would impact the chemical interactions. Sandhu and Gu (2010) compared the antioxidant capacity of skin, seed, and pulp of eight different grape cultivars using ORAC. The antioxidant capacity of the phenolic compounds responsible for the antioxidant activity was highest in seed (87.1%), then skin (11.3%), and then pulp (1.6%). This explains our finding that pulp did not induce synergistic activity in combination with other components due to its low phenolic content. It does not explain the antagonistic effect however. 
TEAC
The Black Ribier variety showed a statistically higher TEAC value for juice and Red Globe for seeds (Table 1) . The other three components were not statistically different between the three varieties. Surprisingly similar to the ORAC assay, synergy was found in 55% of all possible component combinations of 2, 3, and 4. More synergistic effects were observed among the combinations of 2 (67%) than were observed among the combinations of 3 (50%) or 4 (0%) ( Table 2 ).
Correlation Between ORAC and TEAC
Differences across assays were expected (Tabart et al., 2009 ). Tabart et al. suggested that the reason for this variance is that ORAC is the only method that uses inhibition time, degree of inhibition, and a completed reaction. Wang et al. (2011) observed that of the 4 assays they used to measure antioxidant activity (ORAC, DPPH, Total Phenolic Content (TPC) and Ferric Reducing Ability of Plasma (FRAP)), generally only one assay would show synergy for any given combination. Our results with grapes also aligned with this finding, with only 3/30 combinations showing synergy in both ORAC and TEAC, despite the similar number of combinations demonstrating synergy across the two assays.
Chocolate Covered Strawberries Study
ORAC Synergy at the Mixed Whole Food Level
When extracts of each of the chocolates and strawberries were compared statistically to the extracts of the four types of chocolate covered strawberries for potential synergy (Equation 1), a significant interaction was only found in one group; the 88% cocoa chocolate fully-dipped strawberries (88F, data not shown).
ORAC Synergy at the Chemical Level
Chocolate covered strawberries were also analyzed at the chemical level (Figure 4) . The ORAC LP values of the lipophilic extracts of both strawberries and chocolate were negligible, so only the ORAC HP values of the hydrophilic extracts were evaluated. All possible combinations of 2, 3, 4, and 5 of (+)-catechin, quercetin, pelargonidin, p-coumaric acid, (-)-epicatechin were combined at the ratios found in 88F chocolate covered strawberries. Of all statistically significant combinations, 73% showed synergism. Of the combinations that were statistically significant for synergism, 81% included catechin. Catechin and p-coumaric acid showed a strong synergistic relationship, as found in Reber et al. (2011) . Ninety five percent of all combinations that included both catechin and p-coumaric acid were statistically synergistic. Combinations consisting of only two compounds were more likely to exhibit synergism. It was found that of all statistically significant antagonistic combinations, 70% included quercetin. Vol. 2, No. 6; Parker et al. (2010 reported that more complex combinations of antioxidants tended to show more synergy when measured by the ORAC assay. Our results in this study partially agreed with this. There were fewer combinations of 4 antioxidants that showed synergy than combinations of 2 or 3; however, combinations of 4 that did show synergy tended to have higher percentages of synergy than combinations of 3, which were in turn higher than combinations of 2. Hunter et al. (2012) found that milk which contained fruit and vegetable extracts had a positive effect on antioxidant markers when consumed regularly over a prolonged period compared to milk alone. This is likely due to the phytochemical content of the fruit, and is supported by our data.
Fruit Smoothies
Soymilk enhanced the antioxidant capacity of the smoothie. This is seen in the difference between smoothie 1 (soymilk added) and 5 (water only) ( Figure 5 ). A possible explanation is that soymilk has many different components available to interact with the antioxidant compounds found in the fruit. Soy also contains phenolic compounds which could contribute in a positive way to the interaction. This can also be observed in control smoothie 2 vs. 3 where soymilk was removed; the antioxidant capacity decreased. Figure 5 . ORAC value (µmol TE/g) of smoothies + SE. Smoothies that do not share a lowercase letter are statistically different (n=3, p < 0.05). The contents of the smoothies are: S1-Fruit Combination + Milk (360 ml Soymilk, 120 g frozen yogurt and 60 g ice (milk blend), 60 g each of blueberries, strawberries, and raspberries (fruit blend)), S2-Strawberries + Milk (milk blend and 180 g strawberries), S3-Blueberries + Milk (milk blend and 180 g blueberries), S4-Raspberries + Milk (milk blend and 180 g raspberries), S5-Fruit Combination + Water (360 ml dd water, 120 g frozen yogurt, 60 g ice and fruit blend), C1-Milk + Water (360 ml soymilk, 300 ml dd water, and 60 g ice), C2-Milk + Frozen Yogurt + Water (360 ml soymilk, 120 g frozen yogurt, 180 ml dd water, and 60 g ice), C3-Water + Frozen Yogurt (120 g frozen yogurt, 540 ml dd water, and 60 g ice)
Antioxidant capacity was measured in all smoothie types at various time intervals after smoothie blending and the averages were calculated (data not shown). This was to determine if fruit enzymatic activity would affect antioxidant capacity over time and if it would be different in more complex exo-interactions. There was a significant difference in the antioxidant capacity between time 0 (time of creation) and 30 min and 45 min, showing a general decreasing trend in antioxidant capacity as time passed. The difference from time 0 to time 45 (a change of 8.8%) may be too small to have a practical significance in decreasing the nutritional value of a smoothie when considering the typical time it takes to consume one.
Total phenolic content decreased significantly from 0 min to 15 min, but did not significantly decrease further at 30 or 45 min (data not shown). Enzymes liberated in the blended fruit may have changed the phenolic composition of the fruit more initially, and then slowed. However the magnitude of the change from time 0 to 15 was small despite its significance.
The L*a*b color analysis was used to determine changes in color of the smoothies over time (data not shown). Overall, as time passed the smoothies became lighter (statistically different only between times 0 and 15), less red (statistically different at each time interval from time zero), and less blue (statistically different between time 0 and times 30 and 45). Visually, the difference was not noticeable. It may have been due to the ice melting and changing the refractance, as total phenolic content did not change after 15 min. Or, the phenolic changes resulted in the formation of other phenolic compounds which affected the color, but not the total phenolic content.
Limitations
Only a limited number of phenolic compounds could be studied in the chemical analysis in the blueberry and chocolate covered strawberries studies. Thus our results do not fully represent the whole food. Only a small sampling of grapes, chocolate and strawberries was purchased, so the results may not extrapolate to common consumption. The differences between mechanisms of the assays used will affect the measurement of the interactions (Tabart et al., 2009) . Synergistic combinations of phytochemicals found using one assay did not strongly predict results found using a different assay.
Conclusions
Blueberry Study
When measured by ORAC, combinations that included both catechin and malvidin were more than twice as synergistic as other combinations, suggesting they play important roles in determining the synergy in a combination. There was a positive correlation between the number of compounds in a mixture and its % synergy. There was little correlation across the ORAC, TEAC, and DPPH assays when measuring the synergy of antioxidant combinations.
Grape Study
Across three grape cultivars (Black Ribier, Red Globe, and Sugraone), the Black Ribier cultivar exhibited the highest whole grape antioxidant capacity. Combinations of components including the skin were more likely to be synergistic. Both the TEAC and ORAC assays resulted in synergy in 55% of all possible combinations of 2, 3, and 4.
Chocolate Covered Strawberries Study
There was only one synergistic result when looking at synergy at the mixed whole food level (88% cocoa chocolate fully dipped). At the chemical level, catechin and p-coumaric acid had the most synergistic relationship and were the most important contributors to antioxidant synergy when both were part of other combinations.
Fruit Smoothies Study
Fruit smoothies made with blueberries demonstrated higher antioxidant capacity than those made with strawberries or raspberries, or a combination of all three. Also, soymilk showed an apparent synergistic relationship with fruit as compared to water. Overall, as time passed after blending, the smoothies became lighter, less red, and less blue, though with little phenolic change.
Overall
Little correlation was found among the varying assays in the blueberry, grape, and chocolate covered strawberries studies. In the blueberry and chocolate covered strawberries studies, catechin was present in a majority of synergistic mixtures. In the grape and fruit smoothies studies, the fruit or variety with the darkest skin color exhibited the highest antioxidant capacity (Black Ribier grapes, and blueberries) and skin was present or contributed strongly to apparent synergy. Overall, the complexity of a mixture, whether an endo-or exo-interaction, appears to be the most important factor in the antioxidant capacity of various chemical mixtures, food components or whole foods. Further work is needed to better understand the precise ratios and concentrations that are the most effective producers of synergy in these and other foods.
